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Betabellin 15D is a 64-residue, disulfide-bridged homodimer. When folded into a b structure,
the protein is predicted to have two clusters of three histidine residues, each cluster able to
bind a divalent metal ion. When the protein was incubated with Cu21, Zn21, Co21, or Mn21,
metal complexes of betabellin 15D were observed by electrospray-ionization mass spectrom-
etry. The relative abundances of the ionic complexes suggested an order of affinities of Cu21 .
Zn21 . Co21 . Mn21, consistent with solution-phase affinities for nitrogen- or sulfur-con-
taining ligands. Limited proteolysis of betabellin 15D by immobilized pepsin, as measured by
nanoelectrospray-ionization mass spectrometry, showed that the Phe12–Ser13 peptide bond of
betabellin 15D was cleaved more slowly in the presence of Cu21 than in its absence. Because
Cu21 has little or no effect on the catalytic rate of pepsin, the slower cleavage of the
Phe12–Ser13 peptide bond may be due to its decreased accessibility caused by Cu21-induced
folding of betabellin 15D. (J Am Soc Mass Spectrom 1999, 10, 969–974) © 1999 American
Society for Mass Spectrometry
The betabellin target structure consists of two32-residue b sheets packed against each other byhydrophobic interactions [1–8]. When three pairs
of d-amino acid residues (pk, ph, pk, where p 5 dPro,
k 5 dLys, and h 6 dHis) are present at the t (for “turn”)
and r (for “reverse-turn”) positions, the peptide chain is
predicted to fold into a four-strand antiparallel b sheet
that is stabilized by 18 intrachain intrasheet hydrogen
bonds (Figure 1). Each b sheet is designed to have 12
polar residues protruding from one face and 12 nonpo-
lar residues from the other, so that two such b sheets
can fold into a b sandwich through hydrophobic inter-
actions between their nonpolar faces.
Betabellin 15S (HSLTAKIpkLTFSIAphTYTCAVp-
kYTAKVSH) is a 32-residue peptide chain that exhibits
no b structure [6, 8]. The betabellin-15 chain contains
three His residues (His1, dHis17, and His32) at the rr
edge (Figure 1). Air oxidation of betabellin 15S pro-
duces betabellin 15D, a 64-residue, disulfide-bridged,
two-chain protein. When folded into a b sandwich,
betabellin 15D should have all six His residues at the rr
edge of the b sandwich. The two b sheets (one num-
bered 1–32, the other 101–132) might be oriented such
that two clusters of three His residues are formed. If
His1 of the first sheet were close to dHis117 and His132
of the second sheet, then by symmetry His101 of the
second sheet should be close to dHis17 and His32 of the
first sheet. A molecular model was constructed to show
that each three-His cluster (His1/dHis117/His132,
His101/dHis17/His32) might correspond to one diva-
lent metal-ion site (Figure 2). Figure 2 shows that the
two metal-ion binding sites are not identical. The cluster
of His1/dHis117/His132 (top of figure) would be pre-
dicted to bind the metal ion more tightly than the
cluster of His101/dHis17/His32 (bottom of figure),
because dHis117 is closer to the Cu(II) ion than the
corresponding dHis17. Betabellin 15D folds into a b
structure that varies with pH, ionic strength, and the
betabellin-15D concentration [6]. In addition, at low
ionic strength betabellin 15D exhibits b structure in the
presence of Cu21 but not in its absence [7].
Many folded proteins are resistant to cleavage by a
low concentration of a protease. Limited proteolysis
occurs at exposed or disordered regions of the polypep-
tide backbone. Whereas buried regions are protected
from proteolysis. For example, an antibody can protect
its bound protein antigen from proteolysis [9–11]. This
paper describes the use of electrospray-ionization mass
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spectrometry (ESI MS) to study the complexes of beta-
bellin 15D with several divalent metal ions and the
limited proteolysis of betabellin 15D by immobilized
pepsin in the presence and absence of five molar
equivalents of Cu21 ions.
Experimental Procedures
Engineering of Betabellin 15D
The synthesis, purification, and biophysical character-
ization of betabellin 15D have been described elsewhere
[6–8].
Mass Spectrometry
ESI MS was carried out using a Perkin-Elmer Sciex
API-I mass spectrometer (Ontario, Canada) equipped
with nebulizer-assisted electrospray (ionspray) and cal-
ibrated with polypropylene (glycol) ions. A sample
containing 40 mM betabellin 15D and 80 mM CuCl2, 80
mM ZnSO4, 80 mM CoCl2, or 80 mM MnCl2 in 10 mM
ammonium acetate at pH 6.3 was prepared. After 10
min each sample was infused at 5 mL/min into the
source with a Harvard Apparatus Model 11 syringe
pump (South Natick, MA). Spectra were recorded in the
positive-ion mode with the ion-spray needle main-
tained at 5000 V and the orifice potential at 60 V from
m/z 700 to 2000 in steps of 0.4 Da using a dwell time of
1.0 ms. The interface heater was turned off, so the
temperature in the source region was 24–25°C.
Nanoelectrospray-ionization mass spectrometry
(nanoESI MS) was carried out using a Perkin-Elmer
Sciex API-III1 triple quadrupole mass spectrometer
(Ontario, Canada) equipped with a nanoESI source
obtained from the European Molecular Biology Labo-
ratory (Heidelberg, Germany). The instrument was cal-
ibrated as above. The mass spectra were recorded in the
positive-ion mode with the ion-spray needle main-
tained at 650 V and the orifice potential at 60 V from m/z
300 to 1800 in steps of 0.2 Da using a dwell time of 1.0
ms. Several spectra were averaged to improve ion
statistics. The MS/MS parent-ion spectra were also
recorded in the positive-ion mode as above, but from
m/z 300 to 1100 in steps of 0.3 Da using a dwell time of
0.8 ms. The curtain of nitrogen gas flowed at about 0.6
L/min. A mixture of Ar:N2 (9:1) was set to a collision
gas thickness of approximately 2.4 3 104 molecules/
cm2 (CGT 5 240). Collision energy was adjusted to
provide optimal fragmentation for each peptide. Sev-
eral spectra were averaged to improve ion statistics.
For each mass spectrum, the relative abundance of a
given peptide was determined by dividing the sum of
the relative abundances of its charge states by the sum
of the relative abundances of the charge states of all
peptides of interest.
Limited Proteolysis
Pepsin immobilized on agarose beads (400 mL: 2,000–
4,000 units per mL of settled gel: 2–3 mg per mL of gel:
Pierce, Rockford, IL) was loaded into an Amicon Mi-
crocon microconcentrator (Beverly, MA) with a
10,000-Da cutoff. The immobilized pepsin was washed
several times with aqueous HCl at pH 3 to remove
azide, glycerol, and other contaminants. Next, 200 mL of
dilute HCl at pH 3 was added to the same microcon-
centrator. Betabellin 15D (25 mL of a 40 mM solution in
10 mM ammonium acetate at pH 6.3) was added; after
40 or 90 s, the microconcentrator was centrifuged at
14,000 rpm for 1 min. The supernatant containing the
betabellin-15D peptides was desalted with a Michrom
BioResources peptide trap cartridge (1 3 10 mm con-
Figure 1. Predicted b-sheet structure of each betabellin-15 chain
looking down on the nonpolar face. The 18 b-sheet hydrogen
bonds (dotted line) between three pairs of polar residues (circled,
side chains in back) and six pairs of nonpolar residues (boxed, side
chains in front) are indicated. t 5 turn; r 5 reverse turn.
Figure 2. A computer model of a betabellin-15D sandwich
containing two nonidentical Cu21-binding sites (spheres) formed
by ligation of two Cu21 ions to His residues. Only the side chains
of the six His residues and the six Pro residues are shown. The
solid arrows indicate the position of the Phe–Ser peptide bond
between residues 12 and 13 of one chain or 112 and 113 of the
other chain.
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taining 5-mL bed volume of polymeric reversed-phase
HPLC packing, 100-Å pore size, Auburn, CA) by wash-
ing with 600 mL of 0.1% trifluoroacetic acid. The pep-
tides were eluted with 60:39:1 (v/v) methanol/water/
formic acid to give a 10 mM solution of peptides, part of
which (1–2 mL) was analyzed by nanoESI MS [12, 13].
Molecular Modeling
The construction of a molecular model of Cu/Cu beta-
bellin 15D has been described elsewhere [8].
Results and Discussion
Binding of Divalent Metal Ions
When folded into a b structure, betabellin 15D is
predicted to have two clusters of three His residues that
can bind divalent metal ions. Previous work showed
that the binding of Cu21 to betabellin 15D is pH
dependent [7]. In the first part of this study, ESI MS was
used to investigate the binding of various divalent
metal ions to betabellin 15D.
When a solution of 40 mM betabellin 15D in 10 mM
ammonium acetate at pH 6.3 containing 80 mM CuCl2
was electrosprayed into the mass spectrometer, mass
spectral peaks were observed at m/z 1012.8, 1181.6, and
1417.5 due to the 17 to 15 charge states of betabellin
15D containing one Cu(II) (Figure 3A). Additional
peaks were seen at m/z 894.1, 1021.7, 1191.7, and 1429.9
due to the 18 to 15 charge states of betabellin 15D
containing two Cu(II). Because no peaks were seen
because of the charged states of betabellin 15D contain-
ing three Cu(II), a molecule of betabellin 15D appeared
to contain at most two Cu21-binding sites. Even if the
concentration of CuCl2 was increased to 120 mM (3
equiv), no evidence of a tri-Cu(II)-betabellin complex
was observed [7].
Next, when a solution of 40 mM betabellin 15D in 10
mM ammonium acetate at pH 6.3 containing 80 mM
ZnSO4 was electrosprayed into the mass spectrometer,
mass spectral peaks were observed due to the 18 to 14
charge states of betabellin 15D (Figure 3B) and to the 18
to 15 charge states of betabellin 15D containing one
Zn(II). A very minor amount of betabellin 15D contain-
ing two Zn(II) was observed. If 80 mM CoCl2 (Figure
3C) or 80 mM MnCl2 (Figure 3D) were substituted for
the zinc solution, the predominant species was uncom-
plexed betabellin 15D, with lesser amounts of betabellin
15D containing one metal ion.
The masses and relative abundances of the peaks
taken from the mass spectra discussed above are shown
in Table 1. In the presence of 80 mM CuCl2, peaks were
seen due to betabellin 15D containing one Cu(II) (34%
relative peak abundance) and two Cu(II) (66%), but not
to betabellin 15D alone. In the presence of 80 mM
ZnSO4, peaks were observed for betabellin 15D alone
(47%), betabellin 15D with one Zn(II) (39%), and beta-
bellin 15D with two Zn(II) (14%). In the presence of 80
mM CoCl2, peaks were only observed for betabellin 15D
(64%) and betabellin 15D with one Co(II) (36%), but not
for betabellin 15D with two Co(II). In the presence of 80
mM MnCl2, peaks were observed for betabellin 15D
(87%) and marginally for betabellin 15D with one
Mn(II) (13%), but not for betabellin 15D with two
Mn(II). In those complexes with one metal ion, we
assume the His1/dHis117/His132 cluster is the most
likely site of binding.
These results suggest that betabellin 15D has a
greater affinity for Cu21 ions than for Zn21, Co21, or
Mn21 ions as measured by ESI MS and that the order of
affinities for the metal ions is Cu21 . Zn21 . Co21 .
Mn21. This observation is in agreement with the Irving–
Williams series [14–16], which lists the general order of
the preference of divalent metal ions by nitrogen- or
sulfur-containing ligands: Mn21 , Fe21 , Co21 ,
Ni21 , Cu21 . Zn22. The Irving–Williams series was
determined by measuring the stability constants of
these metal ions in the presence of various nitrogen- or
sulfur-containing ligands in aqueous solution. The results
of these metal-ion binding studies of betabellin 15D
suggest that what is observed in the gas phase in the
mass spectrometer is a direct reflection of what is
happening in solution [17, 18], rather than a simple
gas-phase association of betabellin 15D with metal ions.
Other research groups have used ESI MS to study the
binding of metal ions to proteins in solution [19–22],
Figure 3. ESI mass spectra of 40 mM betabellin 15D in 10 mM
ammonium acetate at pH 6.3 in the presence of (A) 80 mM Cu21,
(B) 80 mM Zn21, (C) 80 mM Co21, or (D) 80 mM Mn21.
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and these studies have revealed the protein:metal stoi-
chiometry of the complexes and yielded information
about protein conformation. However, we believe this
is the first such study that measures relative binding
affinities of different metal ions with a protein.
Limited Proteolysis of Betabellin 15D
Based on these observations, limited proteolysis of
betabellin 15D by immobilized pepsin was conducted
in the presence or absence of Cu21 ions. Previously,
matrix-assisted laser desorption/ionization mass spec-
trometry has been used to analyze proteolytic protec-
tion of protein–protein [23] and protein–DNA com-
plexes [24]. Pepsin is an endopeptidase of moderate
specificity that should hydrolyze many peptide bonds
in betabellin 15D. We selected pepsin over more specific
proteases like trypsin because we wanted to be able to
observe changes in the proteolysis of as many of the
bonds of betabellin as possible, in order to look for
conformational effects.
A solution of 40 mM (1 equiv) betabellin 15D con-
taining 200 mM (5 equiv) Cu21 ions was treated with
pepsin immobilized on agarose beads for 40 s; the
resulting peptides were desalted by passing through a
peptide trap cartridge and analyzed by nanoESI MS.
The resulting mass spectrum contained signals from
over 80 ions, making it difficult to interpret (data not
shown). Therefore, parent-ion MS/MS analysis [25, 26]
was performed in order to search for peptides that
might contain immonium ions of Pro (m/z 70), His (m/z
110), Phe (m/z 120), Tyr (m/z 136), and either Ile or Leu
(abbreviated as Ile/Leu; m/z 86). These residues were
chosen because they are well represented in the beta-
bellin-15D sequence.
Figure 4 shows four parent-ion spectra that display
ions derived from peptides that should contain Pro,
His, Phe, or Ile/Leu, respectively, in their sequence.
Peaks were seen at m/z 541.5, 586.5, 639.6, 703.5, 781.5,
and 879.0 due to the 113 to 18 charge states of a
peptide that had an observed mass (Mobs) of (7025.0 6
1.0) Da. This peptide was clearly betabellin 15D itself
(peptide A; Figure 5), which has a calculated mass
(Mcal) of 7022.2 Da. Furthermore, peaks were seen at
m/z 340.5, 453.3, and 679.2 due to the 14 to 12 charge
states of a peptide with Mobs 5 (1357.1 6 0.8) Da. The
most likely fragment of betabellin that fits this mass and
contains Pro, His, Phe, and Ile/Leu is peptide B (Figure
5), which has Mcal 5 1355.7 Da. Similarly, one can
identify peptides that correspond to fragments C and E
(Figure 5), based on mass and composition. For peptide
C the observed mass is 5687.2 6 0.7 Da, compared to a
calculated mass of 5684.7 Da. For peptide E the ob-
served mass is 4348.2 6 0.3 Da, compared to a calcu-
lated mass of 4347.0 Da. The observed masses 1–2 Da
higher than expected, probably due to high-mass tailing
of the MS/MS signals. The presence of intact betabellin
15D indicates that 40 s might not be long enough to
observe proteolysis of a Cu(II) complex of betabellin
15D, so a 90-s peptic digest was used in the next
experiment.
Table 1. The relative abundances (%) of betabellin 15D (B15D) and its metal-ion (M) adductsa
M21
B15D B15D 1 1 M(II) B15D 1 2 M(II)
Mcal
b Mobs
b % Mcal Mobs % Mcal Mobs %
Cu21 7022.4 noc no 7083.9 7082.9 6 0.6 34 7145.4 7144.6 6 0.4 66
Zn21 7022.4 7022.2 6 0.5 47 7085.8 7085.2 6 0.5 39 7149.2 7149.2 6 0.9 14
Co21 7022.4 7022.7 6 0.7 64 7079.3 7080.1 6 0.6 36 7136.2 no no
Mn21 7022.4 7022.1 6 0.8 87 7075.3 7074.8 6 0.2 13 7128.2 no no
aA solution of 40 mM betabellin 15D containing 80 mM CuCl2, 80 mM ZnSO4, 80 mM CoCl2, or 80 mM MnCl2 in 10 mM ammonium acetate at pH 6.3
was electrosprayed into the mass spectrometer.
bMcal and Mobs (Da).
cNo, not observed.
Figure 4. NanoESI parent-ion spectra of betabellin 15D in the
presence of 5 equiv of Cu21 ions after treatment with immobilized
pepsin for 40 s using (A) Pro, (B) His, (C) Phe, or (D) Ile/Leu
immonium ion.
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A solution of 40 mM betabellin 15D in the absence of
CuCl2 was treated with immobilized pepsin for 90 s; as
above, the resulting peptides were desalted by passing
through a peptide trap cartridge and analyzed by
nanoESI MS. Analysis of the parent-ion MS/MS spectra
was conducted as above. Three peptides were identi-
fied: peptide B (Mobs 5 1356.8 6 0.7 Da; Mcal 5 1355.7
Da), peptide D (Figure 5) (Mobs 5 3740.5 6 0.5 Da;
Mcal 5 3738.4 Da); and peptide E (Mobs 5 4349.5 6 0.7
Da; Mcal 5 4347.0 Da). Finally, a solution of 40 mM
betabellin 15D containing 200 mM CuCl2 was treated
with immobilized pepsin for 90 s; the resulting peptides
were desalted and analyzed as above. Peptides B, C, D,
and E were observed.
After digestion with immobilized pepsin for 90 s,
betabellin 15D was converted into two large disulfide-
bridged peptides, specifically the major product E and
the minor product D (Table 2). When 5 equiv of Cu21
ions were present, however, peptide C was also ob-
served (Table 2). Peptide C is clearly a precursor to
peptide E, as shown by digestion of betabellin 15D with
immobilized pepsin for 40 s in the presence of 5 equiv
of Cu21 ions (Table 2). These relations are shown in
Figure 5. One chain of peptide C contains a Phe12–Ser13
peptide bond (Figure 2) that was not cleaved by pepsin.
As a result, limited proteolysis of betabellin 15D with
immobilized pepsin as measured by nanoESI MS
showed that cleavage of this Phe–Ser peptide bond was
slower in the presence of 5 equiv of Cu21 ions than in its
absence. Because Cu21 has little or no effect on the
catalytic rate of pepsin [27], the slower cleavage of the
Phe12–Ser13 peptide bond of peptide C may be due to
its decreased accessibility caused by Cu21-induced fold-
ing of betabellin 15D (Figure 2).
In retrospect, the use of immobilized protease may
not have been the best choice for studying limited
proteolysis. The immobilized enzyme is very aggressive
as evidenced by the fact that intact betabellin 15D
disappeared in less than 2 min. At the surface of the
resin, the local concentration of enzyme may exceed the
local concentration of substrate. Thus, one might have
better control over limited proteolysis by using a dilute
solution of protease with higher substrate to enzyme
ratio, as is typically done in limited proteolysis experi-
ments followed by electrophoresis.
Conclusion
The results presented here suggest that ESI MS can be
used to assign relative binding affinities and stoichio-
metries of metal ions for proteins such as betabellin
15D. Measuring these binding affinities and stoichiom-
etries in solution by other methods is more time con-
suming and laborious.
ESI MS is an ideal tool for following the progress of
limited proteolysis because peptide masses can be mea-
sured with good precision. By using parent-ion scan-
ning, some idea of the types of amino acids present in a
peptide can be obtained. Together, these mass spectral
procedures can lead to the identification of unique
peptides, even when the proteolytic enzyme is rela-
tively nonspecific.
We have previously shown by circular dichroism
that betabellin 15D exhibits b structure in the presence
of Cu21 [7]. The current studies provide additional
evidence that betabellin 15D forms a more stable struc-
ture in the presence of Cu21 ions than in their absence.
Figure 5. Peptides produced by treatment of betabellin 15D with
immobilized pepsin in the presence or absence of Cu21 ions.
Table 2. Peptic fragments produced by treatment of betabellin 15D with immobilized pepsin in the presence or absence of Cu21
ions
Peptide
Relative abundancea
0 equiv Cu21 5 equiv Cu21
90 s 40 s 90 s
A n.o.b 24 n.o.
C n.o. 40 7
D 15 n.o. 24
E 85 36 69
aRelative summed abundances of the charge states corresponding to each peptic fragment that contained a disulfide bond. These relative
abundances were calculated from the mass spectrum, not the parent-ion spectra. For the purpose of comparison, the relative abundance of peptide
B was not included because it could arise from either chain of the disulfide-bridged molecule.
bNot observed.
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